The MTM (myotubularin)/MTMR (myotubularin-related) protein family is comprised of 15 lipid phosphatases, of which nine members are catalytically active. MTMs are known to play a fundamental role in human physiology as gene mutations can give rise to X-linked myotubular myopathy or Charcot-MarieTooth disease, which manifest in skeletal muscle or in peripheral neurons respectively. Interestingly, studies have shown MTMR2 and MTMR5, two MTM family members, to be highly expressed in the testis, particularly in Sertoli and germ cells, and knockout of either gene resulted in spermatogenic defects. Other studies have shown that MTMR2 functions in endocytosis and membrane trafficking. In the testis, MTMR2 interacts and co-localizes with cSrc/phospho-Src-(Tyr 416 ), a non-receptor protein tyrosine kinase that regulates the phosphorylation state of proteins at the apical ES (ectoplasmic specialization), a unique type of cell junction found between Sertoli cells and elongating/elongated spermatids.
INTRODUCTION
Spermatogenesis in mammals is a complicated process in which spermatogonia undergo a series of differentiation steps to become spermatozoa that are released into the tubule lumen at late stage VIII of the seminiferous epithelial cycle. This entire process, beginning with one spermatogonium and ending with 256 spermatozoa, requires ∼ 74 and ∼ 58 days in the human and rat respectively, and it is under the regulation of autocrine, paracrine and endocrine factors [1] [2] [3] [4] . During this time, an enormous amount of restructuring takes place in the seminiferous epithelium, in particular at the BTB (blood-testis barrier) when spermatocytes have to gain entry into the adluminal compartment for continued development, and at the luminal edge when spermatozoa have to be released [5, 6] . Of equal importance is the necessity that these two events, which occur at opposite ends of the seminiferous epithelium, are strictly co-ordinated with germ cell development to ensure that spermatogenesis and fertility are not perturbed. For instance, a unique signalling cascade likely follows spermiation to trigger BTB restructuring and germ cell movement across the barrier. However, a better understanding of this cross-talk is needed.
Previous in vitro studies from our laboratory have shown cytokines and androgens to facilitate disassembly of the Sertoli cell barrier (i.e. the BTB) by regulating the kinetics of endocytosis of integral membrane proteins such as occludin and N-cadherin [7, 8] . The BTB is a unique structure and different from other blood-tissue barriers such as the blood-brain barrier. It comprises several testis-specific cell junctions [i.e. tight junctions, basal ES (ectoplasmic specializations), desmosome-gap junctions and basal TBCs (tubulobulbar complexes)] that co-exist and cofunction with one another, suggesting that a novel endocytic mechanism is behind the disassembly of these junctions when germ cells traverse the BTB. In vivo studies have shown that endocytosis also occurs at the luminal edge prior to spermiation and that different proteins are involved in this event [9] [10] [11] . In the present review, we discuss how the MTM (myotubularin) protein family functions in endocytosis and in cell junction dynamics with emphasis on the role of these proteins in spermatogenesis. General sections on MTM structure and function are also included, as well as a section on MTMs in disease. Finally, we describe how MTMR2 (myotubularin-related 2) interacts with other proteins such as c-Src, dynamin 2, EPS8 (growth factor receptor pathway substrate 8) and ARP2/3 (actin-related protein 2/3) at the apical-ES-apical-TBC interface to regulate spermiation at late stage VIII of the seminiferous epithelial cycle. unique and non-overlapping function within cells. Nine members of this protein family (i.e. MTM1, MTMR1, MTMR2, MTMR3, MTMR4, MTMR6, MTMT7, MTMR8 and MTMT14) possess catalytic activity, dephosphorylating PtdIns3P and PtdIns(3,5)P 2 to PtdIns and PtdIns5P respectively [12] [13] [14] [15] [16] (Figure 1 ), whereas the remaining members of this family are not catalytically active because they lack the conserved cysteine residue in the protein tyrosine phosphatase active site. An exception to the above rule is MTMR7 for which Ins(1,3)P 2 is the preferred substrate [17] . Moreover, all MTM proteins (except MTMR14) contain four functional domains that mediate protein-protein and protein-lipid interactions: (i) PH (pleckstrin homology)-GRAM (glucosyltransferase, Rab-like GTPase activator and myotubularin); (ii) RID (Rac-induced recruitment domain), (iii) PTD (protein tyrosine phosphatase domain); and (iv) SID (SETinteracting domain) [18] [19] [20] (Figure 2 ). The GRAM domain, which overlaps with a PH motif whose role is to target proteins to specific cell membranes, such as the plasma membrane or the endosome [19] , has been proposed to function in proteinprotein and protein-lipid interactions [21] . In essence, the PH-GRAM domain binds to phosphoinositides [22, 23] . Similarly, the RID domain is characterized as a membrane-targeting motif [24] , whereas the SID domain is known to mediate proteinprotein interactions [25, 26] . Common to the PTD domain is the Cys-Xaa 5 -Arg motif discussed above [18, 27] . In addition, most MTM proteins also contain a coiled-coil domain, which is critical for homo- [28] and/or hetero- [29, 30] dimerization, as well as a PDZ-binding motif, which is also critical for proteinprotein interactions (Figure 2 ). Another important characteristic of MTM function is the ability of these proteins to assemble as heterodimers, thereby increasing the catalytic activity of the active member and targeting this complex to a specific cellular localization [31] . For instance, by co-immunoprecipitation and MS studies, MTM1 has been shown to heterodimerize with MTMR12 [also known as 3-PAP (3-phosphatase-associated protein)], a catalytically inactive lipid phosphatase of unknown function, in K562 cells [26] . Moreover, MTMR2 binds to MTMR5 [30] , MTMR2 binds to MTMR13 [32] , MTMR6 binds to MTMR9 [33, 34] and MTMR7 binds to MTMR9 [17] . MTMs/MTMRs can also assemble as homodimers [32a] . These results clearly indicate that MTMs/MTMRs are rich in protein-protein and protein-lipid interactions.
MTM/MTMR FUNCTION
Within cells, each MTM/MTMR appears to regulate a specific pool of PtdIns3P (whose cellular concentration is ∼ 200 μM)
Figure 2 MTM/MTMR functional domains
All MTM proteins (except MTMR14) have four functional domains that mediate protein-protein and protein-lipid interactions: (i) PH-GRAM; (ii) RID; (iii) PTD; and (iv) SID. The GRAM domain, which overlaps with a PH motif, binds to phosphoinositides. The RID domain is a membrane-targeting motif, whereas the SID domain mediates protein-protein interactions. The Cys-Xaa 5 -Arg protein tyrosine phosphatase active site is found within the PTD domain. In addition, most MTM proteins also contain a coiled-coil (CC) domain and a PDZ-binding motif.
and PtdIns(3,5)P 2 ( Figure 1 ), which in turn regulates endocytosis and membrane trafficking. This appears to be the most important and the best studied function of MTMs/MTMRs. However, these lipid phosphatases can also regulate many other processes including cell proliferation, differentiation, survival, autophagy, cytokinesis, cytoskeletal and cell junction dynamics, and motility [35] [36] [37] [38] . For example, numerous in vitro studies have demonstrated that MTM1 functions in intracellular membrane trafficking and vesicle transport because it was shown to have activity towards PtdIns3P and PtdIns(3,5)P 2 , two important regulators of these processes [35, 39] . In line with this observation, PtdIns3P and PtdIns(3,5)P 2 have both been reported to be enriched in endocytic vesicles [16, 40, 41] . Furthermore, overexpression of MTM1 in Schizosaccharomyces pombe resulted in the formation of large vacuoles, as well as in a concomitant decrease in PtdIns3P [12, 42] . These observations are consistent with MTM1 overexpression studies performed in epithelial cells [31, 43, 44] , which demonstrated the relocalization of EEA1 (early endosome antigen 1), which binds PtdIns3P via its FYVE zincfinger motif [45, 46] , from the early endosome in Cos-7 and L6 [44] , and BHK cells [47] . Equally important, MTM1 has been reported to localize to early endosomes and at least partially to late endosomes, and to associate with the VPS (vacuolar protein sorting) 15-VPS34 protein complex in A431 cells [47] . VPS34, a PI3K (phosphoinositide 3-kinase) first identified in Saccharomyces cerevisiae, is known to synthesize PtdIns3P and to associate with VPS15, which regulates protein sorting [48] . Thus MTM1 is thought to regulate the PtdIns3P pool within cells via the VPS15-VPS34 protein complex, thereby affecting the spatiotemporal localization of PtdIns3P-binding proteins and activating important signalling cascades. What remains to be investigated is whether this kinase-phosphatase duo (i.e. VPS-MTM1) is concomitantly active or whether the activity of one is dependent on the activity of the other. Alternatively, MTMR2 is believed to function in late endocytosis and not in early endocytosis. For instance, MTMR2 was shown to co-localize with RAB7, a late endosomal marker [49] . Moreover, its knockdown by RNAi (RNA interference), elevated PtdIns3P levels and resulted in the accumulation of EGFR (epidermal growth factor receptor) within late endosomes [49] . These results demonstrate that MTMs/MTMRs are critical for endocytosis.
MTMs/MTMRs also function in cytoskeletal and cell junction dynamics, and both PtdIns3P and PtdIns(3,5)P 2 have been shown to be present at the plasma membrane [50] . In line with these observations, the MTMR6-MTMR9 protein complex was reported to distribute along the plasma membrane in HeLa cells [34] . Likewise, MTM1 was shown to display a cytosolic staining pattern in various cells, but localization to the plasma membrane, where it supposedly induces membrane remodelling, was also reported following its overexpression [12, 15, 42, 43] or co-transfection with constitutively active Rac1 [24] , illustrating that MTM1 also participates in cytoskeletal dynamics. Indeed, Rac1 is a major regulator of the cytoskeleton and of cell c The Authors Journal compilation c 2011 Biochemical Society junctions in various epithelia and endothelia [51] [52] [53] , but it is not yet known if Rac1 associates with MTM1 at the plasma membrane. Interestingly, co-expression of MTM1 with MTMR12 in Cos-7 cells completely abolished the formation of membrane projections and resulted in the cytoplasmic localization of MTM1 [26] . It is possible that transit of MTM1 between the plasma membrane and the cytosol may be critical for cell junction assembly and disassembly, two events that rely on endocytosis and membrane trafficking [54] [55] [56] . Nevertheless, these findings illustrate that MTMR12 can regulate the subcellular localization of MTM1, in addition to up-regulating the latter MTM's lipid phosphatase activity. Other examples of MTM participation in cytoskeletal and cell junction dynamics exist as well. In zebrafish embryos, mtmr8 loss-of-function affected the actin cytoskeleton and muscle development [57] . In another study in Schwann cells, MTMR2 was reported to interact with DLG1 (Discs large 1) [58, 59] , a PDZ-containing membrane-associated MAGUK (membrane-associated guanylate kinase) protein critical for cell polarity, proliferation and tumorigenesis [60, 61] . In Schwann cells from Mtmr2-null mice, DLG1 localization was altered, thereby affecting cell junction integrity and membrane remodelling. Although additional studies are needed to expand the role of MTMs in cytoskeletal and cell junction dynamics, the relative importance of MTM/MTMRs in several critical cellular processes is apparent.
MTMs/MTMRs IN DISEASE
Mutations in active or inactive MTM or MTMR genes result in two severe disorders: XLMTM (X-linked myotubular myopathy; a type of centronuclear myopathy) or CMT (Charcot-MarieTooth) disease which manifest in skeletal muscle or in peripheral neurons respectively [18, 62, 63] . XLMTM is a congenital disease arising from a mutation in MTM1 [64, 65] , resulting in either the loss of MTM function or the absence of MTM protein. It was previously hypothesized that XLMTM in humans causes an arrest in myogenesis during embryogenesis because biopsies from affected individuals showed skeletal muscle fibre hypotrophy and cells with centrally located nuclei resembling fetal myotubes [65a]. However, other investigators have suggested that XLMTM may cause defects much later in development such as during muscle cell differentiation or maintenance [66] . At the cellular level, XLMTM likely results from the improper regulation of PtdIns3P and/or PtdIns(3,5)P 2 ( Figure 1 ), thereby disrupting vesicle trafficking in the skeletal muscle of affected individuals. Incidence of XLMTM is one in approx. 50 000 male births, and female carriers of XLMTM are usually asymptomatic. Moreover, presentation of the disease varies significantly from individual to individual, and this is due largely to the type of mutation manifested. Although exceptions are known to exist, truncation and splice-site mutations generally associate with the most severe forms of the disease and result in death at infancy. On the other hand, missense mutations, especially those that occur outside of MTM functional domains (Figure 2 ), generally result in moderate and mild disease phenotypes. Thus far, more than 200 diseasecausing mutations in the MTM1 gene have been reported [63] . In addition, mutations in BIN1 (bridging integrator 1, also known as amphiphysin 2; a protein with roles in membrane dynamics, cell polarity, tumour suppression and endocytosis [67] ), which in turn disturbed its interaction with DYNAMIN 2 (a GTPase that functions in endocytosis [68, 69] ), resulted in autosomal recessive centronuclear myopathy [70, 71] .
CMT disease is an inherited disorder that affects motor and sensory neurons, causing patients to slowly lose normal use of their extremities [72] . CMT disease can affect the myelin sheath, which surrounds the peripheral nerve axon, or it can affect the axon itself. Intermediate forms of the disease have also been described in which both the myelin sheath and the axon are affected. Incidence of CMT disease is one in approx. 2 500 births, making it one of the most common inheritable diseases. Although many different types of CMT disease (i.e. CMT1, CMT2, CMT3, CMT4 and CMTX) have been described, all types present with similar symptoms: progressive muscle weakness and atrophy in feet, legs, hands and arms [72a] . Moreover, mutations in multiple genes have been linked to this disease. For example, mutations in either MTMR2 or MTMR13 cause CMT4B [73, 74] , mutations in either Rab7 (a GTPase that regulates late-endosomal traffic [75, 76] ) or DYNAMIN 2 cause CMT2B [77] [78] [79] [80] and mutations in SH3TC2 [SH3 (Src homology 3) domain and tetratricopeptide repeats 2; a protein hypothesized to function as an adaptor or docking molecule) cause CMT4C [81, 82] . Interestingly, all of these genes encode proteins with functions in endocytosis and membrane trafficking, suggesting that defects in these cellular processes may contribute to the pathogenesis of CMT disease. Finally, mutations in GJB1 (gap junction protein β1; also known as connexin 32 [83, 84] ) also result in CMT disease [85, 86] .
MTMs/MTMRs AND THE TESTIS
MTMs/MTMRs also play a critical role in the testis. The first report to illustrate their importance in spermatogenesis was made available in 2002 when it was demonstrated that Mtmr5-null mice were infertile as a result of germ-cell loss from the seminiferous epithelium [87] . Although no changes in serum FSH (folliclestimulating hormone), LH (luteinizing hormone) and testosterone levels were noted, Mtmr5-deficient mice clearly displayed seminiferous tubule disorganization, Sertoli cell vacuolization (this appeared to be the initial effect), germ cell apoptotic bodies and Leydig cell hyperplasia [87] , illustrating that the loss of a single Mtmr gene can cause profound changes in the testis. In this same study, Mtmr5 [also known as Sbf1 (SET-binding factor 1)] was shown to be highly expressed in the testis with specific expression in Sertoli cells, spermatogonia and pachytene spermatocytes, but not round spermatids [87] . As discussed above, catalytically inactive MTMR5 is known to bind to catalytically active MTMR2, which also plays an important role in the testis. For instance, spermatogenesis was disrupted in Mtmr2-knockout mice when spermatocytes and spermatids were found in the seminiferous tubule lumen [87a] , suggesting that Mtmr2 may be needed for some aspect of Sertoli-germ cell adhesion or cytoskeletal regulation. Moreover, this is in agreement with the only documented case of azoospermia in a patient having CMT4B [18] .
The participation of Mtmr2 in cytoskeletal and cell junction dynamics in the testis was further emphasized by studies from our laboratory {it should be noted that rat Mtmr2 was referred to as rat Mtm1 in our initial studies [88, 89] because the mouse and rat Mtmr2 cDNAs (GenBank ® accession numbers AY055832 and NM_001108123 respectively) were not available at that time}. Similar to Mtmr5, Mtmr2 was highly expressed in the rat testis, and its expression in this organ increased during development [88, 89] . Culturing Sertoli cells alone at high density or coculturing Sertoli cells with germ cells in vitro up-regulated Mtmr2 expression. These changes coincided with a late stage of cell-cell junction assembly [88, 89] . However, the MTMR2 level also increased when Sertoli cell-germ cell junctions were being restructured in vivo by adjudin, a compound that affects the adhesion of germ cells to Sertoli cells [90] [91] [92] [93] , illustrating that this lipid phosphatase has diverse roles in cell junction dynamics. Furthermore, immunolocalization studies in the adult rat testis revealed Mtmr2 to be present within Sertoli and germ The seminiferous epithelium in the adult rat testis is divided into a basal and an adluminal compartment by the BTB, which is situated near the basement membrane and comprised of co-existing tight junctions, basal ES, desmosome gap junctions and basal TBCs. Sitting atop the basement membrane are Sertoli cells and developing germ cells (i.e. spermatogonia, spermatocytes and spermatids) that line the entire length of the seminiferous epithelium from the basement membrane to the luminal edge. Depending on their developmental stage, germ cells can adhere to Sertoli cells via desmosome-gap junctions or apical ES. At stage VII of the seminiferous epithelial cycle (left-hand panel), the apical ES is disassembled, resulting in actin remodelling involving ARP2/3. Apical ES disassembly is triggered by Src-mediated protein phosphorylation (e.g. of N-cadherin and β-catenin) which moves proteins away from sites of cell contact and into endocytic vesicles. Endocytosis at the apical ES involves the participation of MTMRs, as well as dynamin, EPS8 and 14-3-3 proteins. Endocytosed proteins that are not yet destined for degradation can be recycled/transcytosed to the site of the BTB, which remains 'closed' (under the influence of testosterone) until stage VIII at which time it will disassemble to allow spermatocytes to cross the barrier and enter into the adluminal compartment. Cytokines also appear to be involved in apical ES disassembly. At stage VIII of the seminiferous epithelial cycle (right-hand panel), the apical TBC is in place to prepare for spermiation. Here, MTMRs, Src, dynamin and 14-3-3 proteins are involved to mediate the endocytosis of phosphorylated and other cargo proteins which can be recycled/transcytosed to the site of the BTB (which reassembles underneath the next generation of preleptotene spermatocytes in due course) or degraded. ARP2/3 maintains actin as a branched network, whereas MTMRs, dynamin and 14-3-3 proteins facilitate endocytosis and membrane trafficking as the 'old' BTB disassembles. After the residual body has been phagocytosed and the apical TBC has 'cleaned up' the luminal edge of stage VIII seminiferous tubules, spermiation takes place. De novo protein synthesis, as well as cytokines and testosterone, also appear to be involved in these events. An animated version of this Figure is available at http://www.BiochemJ.org/bj/433/0253/bj4330253add.htm. cells [88, 90] . Specifically, Mtmr2 was found to be present at the BTB in all stages of the seminiferous epithelial cycle except at stages IX and X when its level diminished greatly [90] (Figure 3 ). MTMR2 also localized to the apical ES (possibly to the apical TBC as well, but additional studies will be needed to confirm this localization) predominantly at stage VIII. The ES is a unique type of Sertoli cell adhesive junction found at two distinct sites within the testis. The basal ES is found basolaterally within Sertoli cells, and it co-exists with other junction types (i.e. tight junctions, desmosome-gap junctions and basal TBCs) to consitute the BTB, whereas the apical ES is found between Sertoli cells and elongating/elongated spermatids where it functions as the only adhesive device found between these cells [94] [95] [96] . Prior to spermiation, the apical ES is disassembled and replaced by a morphological structure known as the apical TBC, tubular-like invaginations that function in the disassembly of the apical ES and in the recycling of its components [97, 98] . In essence, the apical TBC functions as an endocytic device to 'clean up' and to prepare the luminal edge for spermiation. As important, MTMR2 was shown by co-immunoprecipitation to interact with Src when testis lysates were used [90] , the latter of which also associated with N-cadherin, β-catenin and actin [99] (Figure 3) . Src is a non-receptor protein tyrosine kinase with ubiquitous expression that functions in cell proliferation, survival, cytoskeletal and cell junction dynamics, and motility [100, 101] . In many tumours, Src is often overexpressed or activated [100, 102, 103] . In the testis, both Src and phosphorylated Src (phospho-Src-Tyr 416 ) localized predominantly to the apical ES at stage VIII of the seminiferous epithelial cycle [90, 99, 104, 105] , and the latter protein co-localized with MTMR2 at this site [90] (Figure 3 ). At present, it is believed that Src (within the Src-MTMR2 protein complex) determines the phosphorylation state of N-cadherin and β-catenin and that MTMR2 plays a critical role in regulating ES and TBC dynamics. Indeed, in another in vitro system, unrelated to the testis, Src was shown to phosphorylate β-catenin on Tyr 654 [106] which disrupted its binding to N-cadherin [107] and perturbed cell-cell adhesion [108] . The delicate balance between protein phosphorylation and dephosphorylation also regulates tight junction dynamics. For instance, treating Sertoli cells in vitro with protein tyrosine phosphatase inhibitors was shown to adversely affect the tight junction permeability barrier when its integrity was assessed by measuring transepithelial electrical resistance across the epithelium [88, 109] . These results demonstrate that an increase in intracellular phosphoprotein content can negatively affect the assembly and maintenance of Sertoli cell-Sertoli cell tight junctions [88, 109] . An increase in phosphoprotein content may also facilitate spermiation given that several phosphorylated proteins were found to localize at the luminal edge of stage VIII seminiferous tubules. However, the role of protein phosphorylation and dephosphorylation in junction dynamics still remains to be fully understood. In addition, the significance of the MTMR2-Src interaction should be further investigated since MTMR2 is a lipid phosphatase but Src is a protein kinase.
In addition to its function in cytoskeletal and cell junction dynamics, the MTMR2-Src protein complex may also play a role in endocytosis in the testis. As previously discussed, MTMs are important regulators of endocytosis and membrane trafficking, and it now seems that Src may have a similar role. For instance, c-Src was shown to co-localize with RhoB [110] and RhoD [111] in endosomes, two GTPases that are known to regulate various aspects of endocytosis [112] . In another report, Src was shown to travel within endosomes from the perinuclear region (where it was inactive) to the plasma membrane (where it became active), after being stimulated by cytokines [100] . Once at the plasma membrane, Src activation brought about the detachment of loaded caveolae [113] , plasma membrane invaginations rich in proteins and lipids [114] . Although additional data is needed to better understand the function of Src in the testis, these findings suggest that the MTMR2-Src protein complex may be recruited to Sertoli cell-Sertoli cell and Sertoli cell-germ cell adhesion sites where cytokines are known to facilitate the endocytosis of integral membrane proteins which results in junction disassembly [115, 116] (Figure 3) . It is also possible that the loss of Mtmr2 and Mtmr5 in mice disrupted endocytosis (e.g. by affecting the cellular localization of endocytic vesicles or the recruitment of adaptor proteins) in the testis, which then resulted in the disassembly of Sertoli cell-germ cell junctions and in the loss of germ cells from the seminiferous epithelium [59, 87] . We arrive at this conclusion based on recent in vitro studies which showed cytokines [e.g. TGF-β (transforming growth factor-β)] and androgens (e.g. testosterone) to increase upon the internalization of integral membrane proteins (e.g. occludin) at the site of the BTB with one important difference: testosterone, and not TGF-β, accelerated the recycling of occludin back to the plasma membrane so that it could be used for junction reassembly (Figure 3) . Irrespective of this difference, both factors increased the endocytosis of integral membrane proteins, and this affected the integrity of Sertoli cell junctions [7, 8] .
It is also possible that Src is involved in the phosphorylation of endocytic proteins [117] . Indeed, dynamin 2 was shown to be phosphorylated by Src, and phosphorylated dynamin 2, whose role is to pinch off vesicles from the plasma membrane, was essential for caveolin-mediated endocytosis and cell function [118] . A recent study also reported that Vps34 is phosphorylated by Src [119] . In the testis, it is not clear whether dynamin 2 is present at the TBC. Vaid et al. [120] , reported that dynamin 2 is not a major component of the TBC, but Kusumi et al. [10] , demonstrated that dynamin 2 co-localized with amphiphysin 1 and actin at the TBC and was critical for spermiation. However, we found dynamin 2 was not localized at the apical TBC, but at the apical ES and the BTB instead [121] . Other endocytic proteins that have localized to the apical TBC include dynamin 3 [120] and ARP2/3 [122] (Figure 3) . Presently, it is not known whether the MTMR2-Src protein complex includes other proteins such as dynamin, amphiphysin 1 or ARP2/3, but it is possible that these proteins together regulate the timely release of elongated spermatids at late stage VIII of the seminiferous epithelial cycle. Thus additional studies would be needed to determine whether Src phosphorylates these endocytic proteins.
At this point, we ask: what is the functional significance of the MTMR2-Src interaction at the apical-ES-apical-TBC and at the BTB? As discussed above, both MTMR2 and c-Src/phosphoSrc-Tyr 416 localize predominantly to the apical ES at stage VIII of the seminiferous epithelial cycle, as well as to the BTB, albeit more weakly [90, 99, 104, 105] (Figure 3) . Our results seem to indicate that c-Src phosphorylates apical-ES and BTB proteins (e.g. N-cadherin and β-catenin), thereby resulting in the loss of protein-protein interactions and in the internalization of proteins because phosphorylated junctional proteins are generally believed to move away from sites of cell contact [123] [124] [125] . At the same time, Src-mediated phosphorylation may bring endocytic proteins together to form a functional multi-protein complex which may facilitate endocytosis at both sites. Endocytosed proteins that are not destined for immediate degradation may be recycled to other key sites within the seminiferous epithelium such as to the BTB (Figure 3) . We hypothesize that MTMR2, dynamin 2 [121], 14-3-3 proteins (a protein family with roles in protein trafficking, apoptosis, cell cycle regulation and cell junction dynamics [126] ; MTMR12/3-PAP contains a motif that is thought to interact with 14-3-3 proteins [127] ) [128] and EPS8 (a protein that regulates Rac-mediated actin dynamics when it is in a complex with SOS (son of sevenless) and ABI-1 (Abelson interactor protein-1) [129, 130] ) [131] participate in these events, and this leads to apical ES disassembly [132] . For instance, EPS8 was recently reported to associate with early and late endosomes in different cells [133, 134] , indicating that this protein has roles outside of actin dynamics. These events are then followed by the assembly of (or transformation into) the apical TBC at stages VII and VIII of the seminiferous epithelial cycle, which involves ARP2/3 to branch actin filaments and dynamin 3 to facilitate endocytosis, thereby triggering the cascade of events leading to spermiation. Interestingly, this coincides with the loss of EPS8 at stage VIII [131] (it should be noted that EPS8 also bundles actin filaments at the apical ES [135] ). Following spermiation, the BTB restructures to allow the entry of spermatocytes into the adluminal compartment of the seminiferous epithelium, illustrating that there is co-ordination between apical-ES-apical-TBC disassembly and barrier remodelling ( Figure 3 ). As such, this provides an efficient mechanism to explain how the apical ES is restructured into the apical TBC to facilitate spermiation.
NEXT FRONTIERS
Currently, there is no cure for XLMTM and CMT disease because the underlying causes of these disorders are genetic. Moreover, it is difficult to pinpoint a feature of the protein that one day may become a drug target. For instance, most disease-causing mutations have been described to occur in the PTD domain (Figure 2) , resulting in the inactivation of MTM1 enzymatic activity and XLMTM, whereas other domains are important in regulating the cellular localization of MTM1. For instance, the coiled-coil domain can mediate interactions between active and inactive MTM family members, thereby regulating the cellular distribution of the active member [17, 29, 30] . Likewise, the PH-GRAM domain of MTM1 binds both PtdIns(3,5)P 2 [22] and PtdIns5P [23] , and these interactions are also known to regulate the cellular localization of MTM1 [22, 23, 28] (Figure 2) . Collectively, these observations suggest that cellular localization plays a critical role in MTM1 function, and chemical entities that would correct missense mutations occurring within these functional domains may alleviate adverse effects associated with the disease. At present, treatment attempts to minimize medical complications which may arise from the disease and to provide the best quality of life possible to those inflicted with XLMTM and CMT disease.
Ataluren (alternatively known as PTC124 ® , 3-[5-(2-fluorophenyl)-[1,2,4]oxadiazol-3-yl]-benzoic acid; C 15 H 9 FN 2 O 3 , PTC Therapeutics) is an orally administered investigational drug that has shown promise in the treatment of individuals with cystic fibrosis and Duchenne muscular dystrophy arising from nonsense mutations [136] . Ataluren allows muscle cells to ignore nonsense mutations in mRNA, thereby allowing translation of full-length and functional protein. Ataluren does not prevent the translation machinery from reading genuine termination codons. Although this drug cannot fix an individual's diseasecausing nonsense mutations, it can provide a limited quantity of functional protein. In turn, this may eliminate many of the symptoms associated with the disease and improve the quality of life. In vitro and in vivo studies of Ataluren have been encouraging [137] [138] [139] [140] , and Ataluren is currently in Phase III clinical trials for cystic fibrosis. Ataluren was assigned orphan drug status in December 2004, and licensing of this drug for use in individuals with cystic fibrosis and Duchenne muscular dystrophy was anticipated in 2009 [141] . However, the drug is presently only available via a clinical trial. Finally, it is not yet known whether Ataluren has any effects on spermatogenesis and fertility. However, it is worth noting that most individuals diagnosed with cystic fibrosis produce functional spermatozoa and maintain normal hormonal profiles, but that they are nevertheless infertile due to complete obstruction or absence of the vas deferens [142] , the tube that transports spermatozoa out of the testis. Regardless, these findings imply that Ataluren can be used for any disease caused by a nonsense mutation, and it may have future clinical promise in the treatment of XLMTM or CMT disease.
Gene therapy is defined as the transfer of genetic material for the purpose of curing a disease caused by mutation(s), thereby replacing the defective gene. The basic concept of gene therapy is to use a viral or non-viral vector to deliver a normal copy of a gene into the nucleus, followed by its incorporation into the cell's existing DNA, transcription and the synthesis of the target gene into a protein [143] . Although the ability to fix a defective gene has great clinical promise, this therapy has been met with several challenges in the past. For instance, the overall level of transcriptional activity in most target tissues does not appear to be high enough to correct the deficiency in the target protein with obvious clinical benefits. Interestingly, chimaeric RNA-DNA oligonucleotides targeting a single point mutation in the dystrophin gene, which results in Duchenne muscular dystrophy, were able to induce gene repair in mature myofibres and muscle precursor cells in the Mdx mouse (an X-linked myopathic mutant model) [144, 145] , seemingly suggesting that gene therapy may become a viable treatment approach for individuals with XLMTM or CMT disease in the future.
Stem cell therapy may offer an additional treatment option to individuals with XLMTM or CMT disease in coming years. The goal of stem cell therapy is to replace defective cells with stem cells that will produce functional protein. Skeletal muscle is known to have enormous regenerative capacity, and several studies have shown that transplantation of bone marrow-derived [146, 147] or haemopoietic [148] stem cells can give rise to differentiated skeletal muscle cell fibres. However, stem cell therapy is far from being tested in a clinical environment.
CONCLUDING REMARKS
In the present review, we discussed the roles of MTMs/MTMRs in disease and in spermatogenesis. In summary, mutations in or knockout of MTM or MTMR genes are known to result in severe neurological disorders and/or spermatogenic defects. In this review, we have also provided a model to explain how disassembly of the apical ES is co-ordinated with assembly of the apical TBC, which facilitates spermiation at late stage VIII of the seminiferous epithelial cycle. Additional studies are needed to address the role of MTMs in the testis because several important questions remain unanswered. For example, what triggers the apical ES to disassemble and the apical TBC to assemble prior to spermiation, two transiently occurring events that involve extensive restructuring and endocytosis of key proteins? Is there a functional loop originating from the BTB to regulate apical-ES-apical-TBC dynamics? Do MTMs participate in these events by regulating the levels of PtdIns3P and/or PtdIns(3,5)P 2 at the luminal edge? Do MTMs work in concert with cytokines and androgens to facilitate spermiation? Are other MTM genes expressed by the testis, besides those already discussed above, and if so, what are their roles in spermatogenesis? As a first step, in vitro functional experiments should be designed using highly pure Sertoli cells isolated from immature rats. It would be interesting to determine whether knockdown of Mtmr2 by RNAi can affect Sertoli cell endocytosis and cell junction integrity. Finally, many of the studies discussed in the present review should be expanded by using Sertoli cell/germ cell co-cultures. Taken collectively, these findings would be welcomed in the field because they would significantly contribute to our understanding of spermatogenesis. 
